We propose an implementation of a Laplace differentiator based on a photonic crystal slab that operates at transmission mode. Such a device may facilitate nanophotonics-based optical analog computing for image processing.
Introduction
Spatial differentiation is an important operation in image processing with broad applications involving image sharpening and edge detection. In these applications, of particular importance is the Laplacian, the simplest and most widely used isotropic derivative operator [1] .
While differentiation can certainly be done with conventional electronic computations, many big-data applications require real-time and high-throughput image differentiation, where electronic computations become challenging. Optical analog computing may overcome this challenge by offering high-throughput low-energyconsumption operations. However, conventional optical differentiators rely on bulky optical components. Nanophotonics may enable optical differentiation using compact devices. However, most existing works on optical spatial differentiation with nanophotonic structures are restricted to one-dimensional operators [2, 3] .
Here, we propose an optical realization of the Laplacian at transmission mode with a photonic crystal slab device. Operating in transmission mode is advantageous because it is directly compatible with standard image processing systems.
Theoretical Analysis
The objective is to design an optical device such that, for a normally incident light beam with a transverse field profile , the transmitted beam has a profile , where is the Laplacian. This is equivalent to realizing an optical system with transfer function in the wavevector space ( -space). In this paper, we implement the Laplacian with a photonic crystal slab device illustrated in Fig. 1. (a) . The dielectric constant of the material . The photonic crystal slab has a thickness of and a square lattice of air holes with radii , where is the lattice constant. A uniform dielectric slab with a thickness is placed near the photonic crystal slab. The air gap between the two slabs has a thickness . The Laplacian is realized with the use of guided mode resonances in the photonic crystal slab. Consider a single photonic band of guided resonances with -dependent resonant frequencies and radiative linewidths . (Here refers to the in-plane wavevector.) Near the resonances, the transmitted amplitude is [4] :
where is the incident light frequency, is the direct transmission coefficient, and is related to the complex decaying amplitude of the resonance to the transmission side of the slab. is constrained by the direct process due to energy conservation and time-reversal symmetry; if then [5] . In this special case,
We denote Now we fix the frequency , then
If the band dispersion , then | as well, which achieves the Laplacian. The analysis above indicates that, to use a photonic crystal slab as a Laplacian differentiator, it is sufficient that the slab satisfies the following three conditions:
1.
2. Only one guided resonance band is coupled. 3. The band satisfies the dispersion . To satisfy the condition 1, we place a uniform dielectric slab in the vicinity of the photon crystal slab and tune the distance between the slabs. In this way we can tune =1 without significantly affecting the band structure.
To satisfy the condition 2 and 3, we need to carefully design the band structure for the photonic crystal slab. This is because, for the slab with symmetry, at the point, the only modes that can couple to external plane wave are doubly degenerate. In general, both bands have anisotropic band dispersions (violating the condition 3), and both bands can couple to external light (violating the condition 2).
With the specific structure parameters indicated above, the photonic crystal slab hosts a pair of guided resonances . Near such modes, the photonic ba where are the Pauli matrices, , the three complex coefficients This Hamiltonian has two eigenvalues of With these parameters both bands are almost isotropic:
where corresponds to upper and lower band, respectively [6] . Thus, the condition 3 is satisfied for either band. Moreover, it can be proved that, due to the isotropic band structure, S(P) polarized light can only excite the upper(lower) band, for every direction of incidence [6] . Thus, the condition 3 is also satisfied for either S or P light.
Numerical Demonstration and Conclusion
Now that all the sufficient conditions have been satisfied for achieving the Laplacian, we numerically demonstrate its function. Fig. 1. (b) is the Stanford emblem as the incident image. Fig. 1. (c) is the calculated transmitted image, which clearly shows all the edges with the same intensity despite different edge orientations. The ability to detect edges with different orientations is a significant advantage of the Laplacian, as compared with the one-dimensional differential operators. The Laplacian also highlights the sharp corners, exhibiting its higher sensibility to fine details as a second-order derivative operator. The spatial resolution of our differentiator, which is the minimum separation between the two edges that can be resolved, is around , Considering corresponding to the resonant wavelength , the spatial resolution is , which is sufficient for most image processing applications.
